The instability of reiterated sequences in the Bacillus subtilis chromosome that was previously reported (M.
Many investigators have studied the behavior of reiterated sequences in the genome of Bacillus subtilis (1, 9, 10, 13, 14, 18, 19, 22, 23, (27) (28) (29) ; for a review, see reference 30) . In general, there is agreement that such sequences are rather stably maintained in the absence of selection. The frequency of recombination between duplications located at different positions in the B. subtilis chromosome has recently been determined (26) ; values ranging from 10-5 to 4 x 10-4 per generation were obtained. In contrast, a much greater instability of reiterated sequences was observed in one of the earliest studies of DNA amplification in B. subtilis (29) . This apparent contradiction prompted the present investigation.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains used in this investigation are listed in Table 1 . Bacteria were cultivated in Luria-Bertani (LB) medium, solidified when necessary with 15 g of agar per liter, at 37°C. Unless otherwise stated, chloramphenicol, kanamycin, ampicillin, and tetracycline were added, as appropriate, to final concentrations of 5, 5, 20, and 20 p.g/ml, respectively. DNA isolation and manipulation. Chromosomal DNA was isolated from B. subtilis strains as described by Noirot et al. (20) .
Plasmids used in this investigation are listed in Table 1 (26), assuming that each tube had been inoculated with one cell. The values obtained (Table 2 ) are based on counts of at least 500 and usually more than 2,000 colonies.
Since both pUB110 and pHV1020 are stably maintained in B. subtilis in the absence of selection, kanamycin was not incorporated into the medium used for growth of strains containing these plasmids. In most experiments with such strains, the colonies tested for chloramphenicol sensitivity were also grown on LB medium containing kanamycin; no Kms colonies were ever observed.
RESULTS AND DISCUSSION
Unstable amplified sequences carried in B. subtilis CL104 consisted of approximately eight copies of an integrational (29) . The frequency of recombination, leading to loss of the reiterated sequences from the chromosome of strain CL104, was 3.4 x 10-3 per generation (Table 2 ). This value is about 40 times higher than that observed by Vagner and Ehrlich (26) for a duplication in the pheA region of the chromosome.
The possibility that the observed high recombination frequency was an artifact resulting from a selective advantage of recombinant bacteria (higher growth rate than the parental strain) was excluded in reconstruction experiments in which a "pseudorecombinant" strain, ERP2, was used. This strain is isogenic with recombinants resulting from loss of the amplified sequences from strain CL104, except for the markers indicated in Table 1 . Cultures (25 ml) containing a mixture of CL104 and ERP2 (pseudorecombinant) bacteria (10:1, respectively) were established at a density of about 10 CFU/ml. In a typical experiment, the proportion of pseudorecombinant bacteria did not increase significantly, changing from an initial value of 0.108 to a final value of 0.117 in about 27 generations. Over the same period, the frequency of true reombinants increased from an initial value of 0.027 to a final value of 0.125, corresponding to a recombination frequency of 3.6 x 10-3 per generation (compare value in Table 2 ).
To determine whether enhanced recombination was caused by an element in the vector (p1949) or host (pheA segment) sequences, an integrational plasmid, pHV550, was constructed comprising the pheA segment inserted into plasmid pJH101 (6) . A single copy of pHV550 was established in the B. subtilis chromosome, yielding strain HVS550 (Fig. 1) . The recombination frequency between the duplicated pheA segments of this strain was 1.7 x 10' ( (Fig. 1) . The recombination frequency between these directly repeated sequences was 1.6 x 10-' ( [5] ). As a control, it was established that the presence of plasmid pUB110 in strain HVS552 did not affect the observed recombination frequency (Table 2 ). In reconstruction experiments (data not shown) similar to those discussed above, it was shown that pseudorecombinant bacteria grew at a rate 3% higher than that of the parental strain, but this difference in growth rate is not sufficient to account for the observed 100-fold enhancement of recombination frequency.
It was of interest to examine whether plasmid pHV1020 could also stimulate recombination between the duplicated pheA segments in strain HVS550 (see above). Plasmid pJH101 (6) , which was used in the construction of this strain, carries the segment of pC194 that lies between the Sau3A site at position 433 and the HpaII site at position 1465 (numbering according to Dagert et al. [5] ). Therefore it also contains the same truncated replication origin as is presumed to exist in plasmid p1949. The recombination frequency between the duplicated pheA segments in strain HVS550 showed an increase similar to that observed with strain HVS552, from 1.7 x 10-4 to 1.8 x 10-2, in the presence of pHV1020. Since there is no sequence homology between plasmids pJH101 and pHV1020, the observed 100-fold enhancement of recombination may be attributed to the provision of replication protein A in trans.
Finally, the role of the truncated pC194 replication origin in recombination enhancement was demonstrated by using strain HVS556. Plasmid pHV556, which was used in the construction of this strain, carries the segment of pC194 that lies between the Sau3A site at position 433 and the SspI site at position 1274 (numbering according to Dagert et al. [5] These experiments provide an explanation for the unusually unstable nature of certain amplified DNA sequences in the chromosome of B. subtilis that was previously reported' (29) . Instability apparently arose from the presence of a truncated pC194 replication origin, together with a functional replication protein A gene, in the amplified DNA. It has been shown elsewhere (7, 24, 25) that plasmid pC194 replicates via a single-stranded intermediate. Single- stranded DNA is highly recombinogenic (4, 13) . It therefore seems likely that residual replicative activity at the truncated pC194 origin in the B. subtilis chromosome generates sufficient single-stranded DNA to promote recombination between the tandemly repeated subsegments that constitute the amplified DNA.
In the absence of recombinogenic functions, reiterated sequences are stably maintained in the B. siubtilis chromosome. 
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